During the infection cycle of the filamentous bacteriophage Ml 3 a phage specific RNA species is made which selectively directs ijn vitro the synthesis of the precursor of the major capsid protein encoded by gene VIII. This RNA is unstable (its mean half-life is 1 I min) and is made in amounts representing at least 2% of the newly synthesized RNA. Nucleotide sequence analysis have indicated that the synthesis of this RNA species is initiated and terminated at the same promoter (GQ jg) and termination signal (TQ 25) °f t n e M '3 genome as the 8S RNA species made in vitro under the direction of Ml 3 replicative form DNA.
INTRODUCTION
Bacteriophage Ml 3 is an F-specific filamentous coliphage (Ff) closely related to the phages fl, fd and ZJ/2 (for reviews see 1 and 2). The phage contains a circular single-stranded DNA (about 6,400 nucleotides long) which upon infection is converted in a doublestranded covalently closed replicative form molecule (RF-I). During Ml 3 growth only the non-viral strand serves as a template for transcription (3, 4) . Asymmetric transciiption of the non-viral strand also occurs when RF DNA or duplex restriction fragments are transcribed in vitro by E.coli RNA polymerase holoenzyme (5) (6) (7) (8) (9) .
Evidence has accumulated that in the absence of termination factor Rho the Ml 3 genome is expressed in vitro according to a cascade-like mechanism of transcription (7, 8, 10, (11) (12) (13) . This implies that M13 RF is transcribed into a discrete number of RNA species which are initiated at nine different promoter sites (RNA initiation sites) but which all are terminated at a unique termination signal located immediately after gene VIII, the gene coding for the major capsid protein ( Fig. 1; 7,10 ).
The consequence of such a cascade-mechanism is that genes with a low frequency of transcription are located distally and genes with a high transcription frequency are located proximally to the "5-end" of the central termination signal (Fig. 1) . Gene V and gene VIII are located immediately proximal to the central termination signal in a region where also the strongest phage promoters are found. Our finding that the polypeptides encoded by these genes are synthesized both in_ vitro as well as in vivo in much larger quantities than the other phage encoded polypeptides (4, (11) (12) (13) (14) therefore strongly supports such a cascade-like mechanism of gene expression.
Hind H G o * ?ig. 1. Circular genetic map of the filamentous bacteriophage Ml 3. The Roman numerals refer to the different genes. X refers to a gene-which completely overlaps with the C-terminal end of gene II. The direction of transcription is as-indicated. The bars refer to the promoter sites located on the Ml 3 genome by means of 2B vitro transcription and translation studies: black bars stand for G promoters and hatched bars for A promoters. The starting nucleotide of the RNA chains initiated at promoter Xfj.25 i-
s not yet known. The suffix corresponds to the position of the promoter sites on the physical map. T stands for the Rho-independent termination signal for transcription while IG refers to the intergenic region in which the replication origin for both the viral as well as for the non-viral strand is located. The single cleavage site of replicative form DNA by the restriction endonuclease Hind II is indicated. This site serves as a reference (zero) point on the physical map. The two small arrows indicate the position of restriction fragment Hap II-B2, a fragment which encompasses, besides gene VIII, promoter GQ_\g and the central transcription termination signal T 0 2 5 .
Our knowledge of the mechanisms which regulate the expression of the filamentous phage genome in the infected cell is less well documented. One of the main reasons is the fact that during the phage infection cycle no shut-off of the synthesis of host-specific RNA and protein occurs. Consequently, an unambiguous characterization and identification of the phage encoded products is hampered by the bulk of gene products encoded by the host-cell genome.
By means of hybridization studies Jacob et al. (15) have observed that in the infected cell Ml3 specific RNA species are present which 4 5 range in molecular weight from 9 x 10 (ca 8S) up to 5 x 10 (ca. In this study evidence will be presented that in the infected cell an RNA species is made which is initiated at the same promoter (promoter G_, ,_) and terminated at the same termination signal (T_ __) U.lo u.zb of the Ml3 genome as the 8S RNA species synthesized in vitro. Furthermore it will be shown that this RNA species accounts for at least 2% of the total RNA made.
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MATERIALS AND METHODS
Bacteria and Phages
Escherichia coli strain K38 (S26 RE; 16) was used both for the cultivation of Ml3 phages as well as for the preparation of RNA from infected and uninfected cells. Bacteriophage M13 wild-type was originally obtained from Dr. P.H. HofSchneider.
TPGA Medium
This medium contained 0. 
Purification of RNA
For the purification of the RNA obtained after polyacrylamide gel electrophoresis two independent techniques were used. In case the RNA was used for in vitro protein synthesis studies it was further purified by means of glycerol density gradient centrifugation (10) . In all other cases the RNA was purified by means of chromatography on small DEAEcellulose columns as described by Sugimoto et al. (20) . After elution with 2M triethylamine bicarbonate (pH 8.0) the RNA was dialysed at room temperature against STE containing 0.1% SDS. Thereafter the RNA was concentrated by means of ethanol precipitation as described.
Cell-free protein synthesis
Cell-free protein synthesis, under the direction of restriction fragments or under the direction of the in_ vitro or in vivo synthesized mRNA species, was carried out as described previously (19) . All RNAdirected reactions were performed in the presence of Rifampicin at 100 pg/ml, and 10 pg/ml DNase. The synthesized polypeptides were analyzed on 15% SDS-Tris-glycine polyacrylamide gels in the presence of 8 M urea (19) .
Nucleotide sequence analysis acetate strips (pH 3.5) followed by homochromatography on DEAE-cellulose (22) . As developing medium homomixture "C" diluted with 7M urea was used.
The composition of the complete RNase T and RNase A digestion products was determined by means of electrophoresis on DEAE-paper (Whatman DE 81, pH 3.5) .
RESULTS
Fractionation, in the presence of 50% formamide, of the RNA species present in the infected cell on sucrose gradients followed by incubation of the different RNA fractions in a cell-free protein synthesizing system have indicated that in the infected cell several classes of M13 specific RNA species are present which differ in molecular weight but which have in common the coding information for the polypeptide encoded by gene VIII (M. Stevens and R. Konings, unpublished results). From these observations it was inferred that also in_ vivo a cascade-like mechanism of transcription is operative and that a transcription termination signal is located immediately after gene VIII.
To study whether in_ vivo the same Ml3 specific mRNA species are 32 made as there are made in vitro we have fractionated the p-labeled in vivo synthesized RNA species on polyacrylamide gels. Autoradiographic analyses of the fractionated RNA species indicated that in the infected cell a small RNA species (8S RNA) is made which has no counterpart among the RNA products made in the non-infected cell (Fig. 2 ) . This RNA species is made in rather large amounts. Based upon radioactivity measurements it accounts for a least 2% of the total RNA made. Labelling of the 32 3-infected cells with PO for 20 min followed by the addition of and the radioactivity of the 8S RNA species was measured (the bands corresponding to 8S RNA were localized by autoradiography, cut from the gel and directly counted). From the plot of radioactivity in the 8S RNA versus time after chase, a mean half-life of 11 min was calculated.
Since the size of this 8S RNA species is identical to that of the smallest RNA species (8S; 370 nucleotides) synthesized in vitro under the direction of Ml3 replicative form DNA (Fig. 3B) , it was an attractive idea to suppose that both RNA species are initiated and terminated at the same regulatory sites of the Ml3 genome and thus that they are identical.
Previously it has been shown that the in_ vitro synthesized 8s RNA molecule directs the synthesis of the precursor of the major capsid protein encoded by gene VIII (7, 19) . This is again demonstrated in RNA labeled with P -orthophosphate and purified, as described was resolved by electrophoresis through 2.4% polyacrylamide slab gels. After autoradiography the 8S RNA was extracted from the gel as described under Materials and Methods. Per gel (20 x 20 x 0.2 cm) an amount equivalent to 8 ml cell culture was loaded.
B. Comparison of the electrophoretic mobilities of the Ml 3 specific 8S RNA species synthesized in vivo (a) or in vitro (b) under the direction of phage Ml 3 DNA. The in vivo synthesized 8S RNA species was isolated as described (cf. Figure 3A) . The iri vitro synthesized 8S RNA was made under the direction of restriction fragment Hap IT-B2, a fragment which encompasses gene VIII, promoter GQ |g and the central transcription termination signal T Q 25 (cf. Figure I RNA and protein synthesis _iii vitro was carried out as described (7, 10, 19) . Of the in vivo synthesized 8S RNA an amount equivalent to 2 ml cell culture (ca. 0.75 Pg) was added per 0.025 ml reaction mixture. The identification of the products synthesized in vitro under the direction of wild-type replicative form DNA has been described (12, 19) . III-P, IV-P, etc. refer respectively to the products encoded by gene III, gene IV, etc. Table I .
To obtain information whether the in vivo synthesized 8S RNA species is initiated and terminated at the same regions of the M13 genome as its in vitro counterpart we have studied whether the 5'-and 3'-terminal regions of both RNA chains are identical.
Nucleotide sequence of the 5'-terminal region
Digestion of the in vivo synthesized 8S RNA species with pancreatic ribonuclease (RNase A) followed by two-dimensional chromatography on PEI-cellulose thin layer plates revealed that one oligonucleotide stayed at the origin. Since the chromatographic conditions have been chosen in such a way that only those nucleotides which contain triphosphate-ends do not migrate (cf. 20 and 21) , these observations suggest that this oligonucleotide represents the 5'-terminal region of the in vivo synthesized 8S RNA molecule. Digestion of it with ribonuclease T (RNase T ) followed by electrophoresis at pH 3.5 on DEAE-cellulose paper revealed that it has the same nucleotide composition ( Fig. 5 ; Table II) as the 5'-terminal region (pppGpGpGpGpGpUp) of the in_ vitro synthesized 8S RNA species. From these observations we conclude that the 5'-terminal regions of both RNA species are identical. Implicit in this conclusion is that the promoter G. which has been detected in vitro also is operative in vivo. This conclusion is furthermore supported by the fact that within the DNA region (250 nucleotides) preceding gene VIII no other stretches of five G residues followed by a T are present (T. Hulsebos As shown in Table III (cf. Fig. 7 B ) , for the various RNase T cleavage products of the core fragment of the 8S RNA species made irv ivo an equivalent is present among the RNase T products of the 3'- and subjected to RNase T digestion followed by one-dimensional electrophoresis on DEAE paper at pH 3.5 ( Figure 5 ). b. Number denotes the molar yield of the pancreatic RNase digestion product relative to 1 mole of the 8S R N A species. c. Numbers in parenthesis denote the molar yields of the T digestion products relative to 1 mole of the original oligonucleotide fragment. d. Nucleotide sequences of S 1 -terminal pancreatic RNase product of the .in vitro synthesized 8S U N A species (Table I ) .
terminal region of the 8S RNA molecule made in_ vitro. Two of the RNase T digestion products (nrs. 3 and 4; Fig. 7B ) do not contain a G-residue, hence, these oligo-nucleotides are located at the 3'-end of the 8S RNA molecule. From these observations we therefore conclude that the nucleotide sequences of the 3'-terminal regions of the in vivo and in vitro synthesized 8S RNA species are identical. This conclusion implies that also in vivo a termination signal for transcription is located immediately after gene VIII.
DNA sequence analyses of the M13 genome have indicated that the oligo (dA) stretch of the termination signal is followed by a C 8 (T. Hulsebos and J. Schoenmakers, unpublished results). Among the RNase T products an oligo (U)_, stretch followed by a G has not been found 1 o (Table III) . These observations suggest that termination of transcription in vivo is very precise and that, similar to what has been found tor the termination of transcription ui vitro, it predominantly (> 95%) occurs after transcription of the eighth dA residue.
DISCUSSION
From the results described in this study the conclusion seems to be justified that the Ml 3 specific 8S RNA species synthesized in vivo is completely identical to the 8S RNA species synthesized in vitro under the direction of Ml 3 replicative form DNA. It may be implied from this that promoter G ." (Fig. 1) and the transcription termination signal T detected in vitro are also operative in the infected cell, thus giving support to the conclusion that the transcription of Ml 3 RF occurs jin vitro at a high fidility. The observation that within the RNase T resistant core not only stretches with eight but also stretches -Origin -Core Fig. 6 . Purification of RNase Tj resistant "core fragment" of thê n vivo synthesized 8S RNA species. Following digestion of the 8S RNA with T| RNase (1:10, w/w, enzyme to RNA) the RNase resistant core was separated from the other digestion products by means of electrophoresis on 15% polyacrylamide gels containing 7M urea.
with seven U residues (less than 5%) were found suggests that termination of transcription after the eighth U residue is not absolute but that minor amounts of the RNA species also are terminated one nucleotide Figure 6 ) with RNase Tj (1:1, wA>, enzyme to RNA). The first dimension consists of electrophoresis on cellulose acetate-strips in pH 3.5 buffer containing 0.002 M EDTA. Homochromatography on DEAE-cellulose thin layer plates in the second dimension was carried out according to Brownlee and Sanger (22) using homomixture "C" diluted to 3% with 7M urea.
B. Radioautograph of the products obtained after digestion of the T| oligonucleotides of the "core fragment" ( Figure 7A ) with pancreatic RNase and separated by one-dimensional ionophoresis on DEAE-paper at pH 3.5. To the right hand side a diagram is given showing the nucleotide compositions of the distinct pancreatic RNase products. The symbols Xc and Mo refer to the blue marker xylene cyanol and the yellow marker methyl orange, respectively. The final composition of the products was determined by alkali digestion and analysis of the products by this treatment. The numbers refer to oligonucleotides of the RNase T fingerprint of the core fragment.
In vitro transcription studies have indicated that the transcription termination factor Rho has almost no effect on the efficiency by which termination of transcription occurs at the termination signal located immediately after gene VIII. These observations might suggest that this termination factor also is not required for a proper termination of transcription in vivo. Whether indeed this is the case is currently under investigation.
Generally one has assumed that the Ml 3 specific RNA species would be made in vivo in amounts comparable to the mRNA species encoded by Table I ).
the host cell genome (3, 4, 15, 30) . The observation, that the 8S RNA species is made in the infected cell in amounts which comprise at least 2% of the total RNA made, therefore was very Surprising and to our knowledge no other example is known in which an mRNA species is made in vivo in such a large amounts.
The polypeptides encoded by genes V and VIII are synthesized both in vivo as well as iji vitro in much larger quantities than the other phage encoded polypeptides (4, 14, 19) . Furthermore, in vitro transcription studies have indicated, that promoter G_ ", and promoter G. ," (Fig. 1) _? • _ U. Ub U . I o are the strongest promoters located on the Ml 3 genome (8, 10). Consequently one would expect that ^ti vivo at least one more Ml 3 specific mRNA species (e.g. 14S RNA; initiated at promoter G -, and coding for gene V protein) would be made in very large quantities. This, however, has not been observed. The reason for this might be the following:
i) The 8S RNA species is transcribed from a promoter(G Q ] g ) which has iji vivo a much higher affinity for RNA polymerase holoenzyme than in vitro;
ii) In comparison to the other phage specific mRNA species the 8S RNA molecule has an extremely long physical and biological half-life time;
iii) The termination signal for the 8S RNA species is different and much more active than the termination signal for the RNA species initiated at promoter G. ",.
ad i Both short-term (3 min) and long-term (20 min) Jji vivo labelinjs experiments have indicated that the 8S RNA molecule is the major Ml 3 specific RNA species made in the infected cell. These observations suggest that promoter G 1Q is much more active in vivo than in vitro and in fact is the strongest promoter located on the Ml 3 genome. This conclusion is furthermore supported by the observation that also in Ml 3
RF harboring minicells the 8S RNA species is made in much larger amounts than the other, particularly IAS RNA, phage specific RNA species (4).
The reason why these promoters have jln vivo different affinities for RNA polymerase than _in vitro can not be given yet. It might be that, besides the sigma factor, in vivo still other factors (e.g. phage encoded products) play a role in the binding of RNA polymerase to the promoter site.
ad ii Hybridization studies have indicated that at least some Ml 3 specific mRNA species have a very long (at least 16 min) physical half life (31) . Also early in the infection cycle an unusual long biological half-life was found for the transcripts coding for the major capsid protein (30, 32) . Extremely long half-lives were also found for the mRNAs coding for gene VIII protein in Ml 3 RF harboring minicells (13;
M. Smits and R. Konings, unpublished results). OUE-present data suggest that the 8S RNA species has a mean half-life of 11 min. At present we do not know the physical half-lives of each of the other M13 specific mRNA species. For this reason no answer can be given yet to the question whether the observed differences in relative amounts between the Ml3 specific mRNA species can be explained, at least in part, by their differences in physical stability.
ad iii Transcription studies have indicated that the amounts of a particular RNA species made is strongly dependent on the efficiency by which termination of transcription occurs (24) . Both in vitro as well as ir^_ vivo transcription and translation studies have, however, indicated that the RNA species (14S) initiated at promoter G ., are terminated at the same transcription termination signal as the 8S RNA species (8, 10) . Consequently the differences in relative amounts of the 8S and I4S
RNA species can hardly be explained from a difference in efficiency by which termination occurs. In conclusion it appears that, besides trans- For these reasons regulation of protein synthesis at the level of translation has to be considered as one of the alternative regulatory mechanisms.
